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ABSTRACT

Hou, Yueh-Ju. Ph.D., Purdue University, December 2014. Identification and
Characterization of Signal Components in Early ABA Signaling in Arabidopsis.
Major Professor: Jian-Kang Zhu.
The phytohormone abscisic acid (ABA) regulates growth, development, and
response to abiotic stress in plants. The core ABA signaling has three key components:
ABA receptors PYRABACTIN RESISTANCE 1 and PYR1-Like protein (PYR1/PYLs),
type 2C protein phosphatases (PP2Cs) and SNF1-related protein Kinase 2s (SnRK2s). In
the presence of ABA, PYR1/PYLs bind to and inhibit PP2Cs, leading to the release of
SnRK2s from suppression, to activate downstream events such as ABA-responsive gene
expression. To identify new components in the ABA signaling pathway, we performed a
yeast two-hybrid screen for PYLs and SnRK2s interactors. We identified two proteins
that interact with PYLs and SnRK2s: Type One Protein Phosphatase 1 (TOPP1) and its
regulatory protein At Inhibitor 2 (AtI-2). We show that TOPP1 and AtI-2 inhibit
SnRK2.6 activity in vitro and that the inhibition is reversed by PYLs in the presence of
ABA. Mutants topp1-1topp4-1 and ati-2 are hypersensitive to ABA during seed
germination. ABA-responsive genes are highly up regulated in topp1-1topp4-1 and ati-2
mutants. Taken together, our results suggest that the TOPP1 and AtI-2 form a complex
that negatively modulates ABA signaling by interacting with PYLs and SnRK2s.
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CHAPTER 1. INTRODUCTION

1.1

Functions of abscisic acid (ABA)
In plants, the phytohormone abscisic acid (ABA) controls a variety of

developmental processes such as seed dormancy, germination, root/shoot growth,
flowering, and senescence (1-3). In response to stressful conditions, ABA can also
rapidly induce the alteration of gene expression and physiological responses such as
stomatal closure to reduce water loss (4-6). Given the importance of ABA in regulating
various aspects of plant growth, understanding the molecular mechanisms of ABA action
is critical for reducing crop yield loss due to adverse environments.
1.2

The underlying molecular mechanism of core ABA signaling
Arabidopsis abi1-1 and abi2-1 (ABA-insensitive1-1 and 2-1) mutants were first

isolated based on their ABA-insensitive phenotypes in genetic screens. These mutants
show dominant-negative effects during seed germination, seedling growth, and stomatal
closure (7). ABI1 and ABI2 belong to clade A of the type 2C serine/threonine protein
phosphatases (PP2Cs), which were identified as negative regulators of ABA signaling (8).
The discovery of PP2Cs has revealed the critical roles of phosphatase-mediated
phosphorylation/dephosphorylation in regulating the ABA signaling pathway. The
Arabidopsis mutant ost1-1/snrk2.6 (Open Stomata 1, also known as SnRK2.6, SNF1related protein kinase 2) has impaired ABA-induced stomatal closure and impaired ABA
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inhibition of light-induced stomatal opening (9). Ten members of the SnRK2 family
(SnRK2.1-10) have been identified in Arabidopsis (10). Protoplast transient assays have
revealed that four SnRK2 proteins (SnRK2.2/2.3/2.6/2.8) can be activated by ABA,
which suggests that some members if not all members of the SnRK2 family function in
both ABA-dependent and -independent signaling pathways (10, 11). Genetic analysis
revealed that ABA-induced gene expression is impaired in the snrk2.2/3/6 triple mutant
(12-14), indicating that these three SnRK2s serve as positive regulators in ABA signaling.
Furthermore, PP2Cs can physically interact with SnRK2s and directly dephosphorylate
Ser/Thr residues in the activation loop of SnRK2s (15, 16) to inhibit ABA-mediated
activation of SnRK2s.
Using chemical genetic screening, Park et al. identified a group of allelic mutants
named PYRABACTIN RESISTANCE 1 (pyr1) that were specifically insensitive to ABA
during seed germination (17). Two other independent groups also characterized members
of PYR1/PYLs as ABA receptors that interact with PP2Cs (18, 19). Genomic analysis of
the Arabidopsis sequence detected 13 genes paralogous to PYR1, which are named PYR1Like genes (PYL1-13). In the presence of ABA, PYR1 physically binds to PP2Cs in vitro
and in vivo (17-20). As a result of research aimed at identifying ABA receptors and key
ABA signaling components such as PP2Cs and SnRK2s, the core ABA signaling
components have been defined and reconstituted in a protoplast transient system (21).
Biochemical and structural studies revealed that PYR1 can form an asymmetric dimer in
the absence of ABA (22). In the presence of ABA, a conformational change of PYR1
leads to dimer disassociation (23). Monomeric PYR1 in complex with PP2Cs disrupts the
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interaction between SnRK2s and PP2Cs. As a consequence, SnRK2s are released from
PP2C-mediated inhibition and are able to directly phosphorylate downstream target
proteins such as ion channels in the plasma membrane and basic-domain leucine zipper
(bZIP) transcription factors in the nucleus (4-6, 24).
1.3

Type one protein phosphatases (TOPPs) and its regulatory proteins
In eukaryotes, the serine/threonine phosphatase family (PSPs) comprises three

major groups, including phosphoprotein phosphatases (PPPs), metal-dependent protein
phosphatases

(represented

as

PP2Cs),

and

the

aspartate-based

phosphatases.

Representative subgroups of the PPP family are further categorized as Protein
Phosphatase 1 (PP1), PP2A, PP2B, PP4, PP5, PP6, and PP7 (25). PP1 is a catalytic
subunit widely expressed across eukaryotes and has Mg2+/ Mn2+-dependent activity in
vitro (26). Unlike PP2Cs that contain both catalytic and regulatory subunit domains
within the same polypeptide chain, PP1 is tightly controlled by interacting with numerous
regulatory proteins that affect its specificity and catalytic activity (26). In mammals, PP1
is involved in controlling various cellular processes such as glycogen metabolism, cell
cycle division, and RNA splicing (27, 28). In Arabidopsis, PP1 was annotated as Type
One Protein Phosphatases (TOPPs) with nine homologs ubiquitously expressed in most
tissues (26, 29). To date, only a few regulatory subunits of TOPPs have been identified,
including Inhibitor-2 (AtI-2), Inhibitor-3 (I-3), and PP1 regulatory subunit 2-like protein
1 (PRSL1) in Arabidopsis and RICE SALT SENSITIVE1 (RSS1) in Oryza sativa (30-33).
Moreover, the roles of TOPPs and their regulatory proteins in signaling transductions
remain unclear in plants. It is known that AtI-2 interacts with TOPPs through three
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conserved regions, which were identified by bioinformatics analysis (31). Biochemical
analysis has revealed that AtI-2 inhibits the phosphatase activities of TOPP1 to TOPP9 in
vitro (31). TOPPs and AtI-2 are co-localized in both cytosol and nuclei with relatively
strong signals in the nucleus (31, 34). In addition, TOPP1 together with AtI-2 participates
in stomatal opening by acting downstream of the blue-light sensing kinase phototropin
and upstream of the H+-ATPase (34, 35). However, the biological roles of TOPP1 and
AtI-2 have not been clearly defined in blue-light-regulated stomatal closure and other
signaling pathways.
1.4

The diverse functions of ABA receptors PYR1/PYLs
The current model of ABA signaling in which PP2Cs-mediated inhibition of

SnRK2s is released by PYLs is used to elucidate the orchestration of core signal
components in early ABA responses (2, 3, 36-39). However, the understanding of how
PYLs are potentially regulated through interacting with other proteins to trigger
downstream signal transduction is limited. To date, clade A PP2Cs is referred to the
majority of PYLs-interacting proteins in response to ABA and stresses in plants. As
previous reported, PYL8 regulates root growth and architecture through interacting with
several members of clade A PP2Cs in ABA-mediated hydrotropic response (40). Other
than interacting with clade A PP2Cs, PYL8 can also promote lateral root growth
independently of the core ABA signaling pathway through enhancing the activities of
MYB77 that has a crosstalk with auxin signaling (41, 42). It has been shown that protein
stability of PYR1/PYLs is regulated by ubiquitin-mediated protein degradation. As a
negative regulator to desensitize the ABA signaling, Arabidopsis DDB1-ASSOCIATED
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1 (DDA1) physically interact with the ABA receptors PYL4, PYL8 and PYL9, which
promote the proteasome-mediated degradation of PYLs (43). Together, these results
prompted us to elucidate the potential interactors of PYR1/PYLs in response to stresses.
1.5

Identification of new signal components in early ABA signaling
Using PYLs as baits in the Y2H cDNA library screening as our strategy, we

identified several candidates that interacted with PYL5/10 under the selective medium in
the absence or presence of osmotic stress (750 mM Mannitol). The physical interactions
of target proteins and PYL5/10 were confirmed by retransformation of plasmids into
yeast. T-DNA insertion homozygous mutants were isolated to examine their phenotypes
in response to osmotic stress. In particular with AtI-2, that is an inhibitory protein of
TOPP1, we further addressed the roles of AtI-2 in regulation of ABA signaling.
Meanwhile, Type One Protein Phosphatase 1 (TOPP1) was found in the Y2H
cDNA library screenings with SnRK2s as baits. We show that TOPP1 and its regulatory
protein AtI-2 can physically interact with PYLs and SnRK2s. We show that TOPP1 and
AtI-2 negatively regulate ABA signaling through inactivation of SnRK2.6, and that such
inactivation can be reversed by PYLs in the presence of ABA. By interacting with PYLs
and SnRK2s, the TOPP1-AtI-2 complex may fine-tune the core ABA signaling pathway
in Arabidopsis.
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CHAPTER 2. TYPE ONE PROTEIN PHOSPHATASE 1 AND ITS REGULATORY
PROTEIN INHIBITOR 2 NEGATIVELY REGULATE ABA SIGNALING

2.1

Abstract

The phytohormone abscisic acid (ABA) functions in abiotic stress responses, and
growth and development in plants. PYRABACTIN RESISTANCE 1 (PYR1) and PYR1Like proteins (PYLs) are ABA receptors. In the presence of ABA, PYR/PYLs bind to and
inhibit type 2C Protein Phosphatases (PP2Cs), leading to the release of SNF1-related
protein Kinase 2s (SnRK2s) from suppression, to activate downstream events such as
ABA-responsive gene expression. To identify new components in the ABA signaling
pathway, we used PYLs and SnRK2s as baits in yeast two-hybrid screening. We found
that Type One Protein Phosphatase 1 (TOPP1) and its regulatory protein At-Inhibitor 2
(AtI-2) can physically interact with specific PYLs and SnRK2s. Compared with wild type
Arabidopsis, topp1-1topp4-1 and ati-2 mutants show higher levels of ABA-responsive
gene expression and are hypersensitive to ABA during seed germination. TOPP1 and
AtI-2 regulate ABA signaling through inactivation of SnRK2.6, and such inactivation can
be reversed by PYLs in the presence of ABA. Taken together, our results suggest that the
TOPP1/At-I2 complex modulates ABA signaling through interaction with PYLs and
SnRK2s.
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2.2

Results

2.2.1 TOPP1 and AtI-2 physically interact with SnRK2s and PYLs
2.2.1.1 TOPP1 was identified in Y2H screening using SnRK2s as baits
To identify the potential new components in early ABA signaling, we used
SnRK2.4, SnRK2.6 and SnRK2.10 as baits in the yeast two-hybrid (Y2H) cDNA library
screening for interacting proteins (Giorgia B. et al., laboratory unpublished data). Type
One Phosphatase Protein 1 (TOPP1) was found to interact with SnRK2.4 and SnRK2.6
by showing yeast growth on the selection medium SD–Leu/Trp/His but not on the SD–
Leu/Trp/His/Ade in Y2H assay (Fig. 2-1[A]). The yeast cells growing on SD-Leu/Trp
medium were also lifted for β-galactosidase filter assay, displaying that yeast cotransformed TOPP1 with either SnRK2.4 or SnRK2.6 reveals higher β-galactosidase
activity (Fig. 2-1[B]). Thus, TOPP1 was identified as an interacting protein with
SnRK2.4/SnRK2.6 but not SnRK2.10 in the Y2H screen.
2.2.1.2 TOPP1 physically interacts with SnRK2s
TOPP1 was identified as a candidate interacting protein with SnRK2s family. To
test the idea whether TOPP1 can interact with other members of SnRK2s family, we
cloned the full-length coding sequence of TOPP1 into pGADT7 prey vector (AD-TOPP1)
and all members of SnRK2s for pGBKT7 bait vector, respectively, to validate the
physical interactions between TOPP1 and SnRK2s family. Yeast cells harboring ADTOPP1 and some members of BD-SnRK2s including SnRK2.2, SnRK2.3, SnRK2.4,
SnRK2.6 and SnRK2.8 can grow on the selection medium SD–Leu/Trp/His
supplemented with 1mM 3-amino-1, 2, 4-triazole (3-AT) independent to ABA (Fig. 2-2),
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which indicated that TOPP1 can physically interact with certain members of SnRK2s. To
validate the protein interaction we observed in Y2H system, we further confirmed the
interactions in-between TOPP1 and SnRK2s using the split-luciferase complementation
(split LUC) assay in tobacco leaves. Here SnRK2.6 was used as a representative member
of SnRK2s family for further functional assays. TOPP1 linked with C-terminal
Luciferase protein (cLUC-TOPP1) was capable of interacting with SnRK2.6 fused Nterminal LUC (SnRK2.6-nLUC) in the split LUC assay, though the interaction was not as
strong as we expected (Fig. 2-3).
2.2.1.3 AtI-2, as regulatory subunit of TOPP1, physically interacts with SnRK2s
One gene named Arabidopsis Inhibitor-2 (AtI-2), which is a putative regulator of
TOPPs, was identified to interact with PYLs in the Y2H screening in the second chapter.
In plants, AtI-2 has been shown to interact with TOPPs in vitro and in vivo (31, 34).
Based on data mining for SnRK2s-interacting proteins on the AtPIN website
(http://bioinfo.esalq.usp.br/atpin/atpin.pl), AtI-2 was also predicted to interact with
SnRK2.6 (44), which leads us to elucidate the role of AtI-2 in regulation of ABA
signaling. To examine the potential interactions between AtI-2 and SnRK2s, full-length
coding sequence of AtI-2 was cloned into pGADT7 prey vector (AD-AtI-2) in a Y2H
assay. Yeast co-transformed with AD-AtI-2 and some members of BD-SnRK2s including
SnRK2.2, SnRK2.3, SnRK2.6 and SnRK2.8 displayed vivid growth on SD-Leu/Trp/His
medium with no ABA effect (Fig. 2-4), indicating the physical interactions between AtI2 and certain SnRK2s. we again used the split-LUC assay to confirm the protein
interaction of AtI-2 and SnRK2.6, which showed strong LUC signal in tobacco leaves
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(Fig. 2-5). Collectively, the interactions between TOPP1, AtI-2 and SnRK2s detected in
Y2H assays implied the potential functions of TOPP1 and AtI-2 in the regulation of
SnRK2s.
2.2.1.4 Protein interactions of TOPP1 and PYR1/PYLs family
As negative regulators in the ABA signaling pathway, PP2Cs physically interact
with the ABA receptors PYR1/PYLs (17, 23). Like PP2Cs, TOPP1 is a putative protein
phosphatase (45). To determine whether TOPP1 also interacts with PYLs, we again used
the Y2H assays. Yeast co-transformed with AD-TOPP1 and BD-PYLs showed protein
interactions on SD–Leu/Trp/His medium (Fig. 2-6). While AD-TOPP1 interacted with
BD-PYL4, PYL9 and PYL11 in the absence of ABA, the interactions were enhanced by
exogenous application of ABA to the growth medium, as shown in the sequential dilution
of yeast cells (Fig. 2-6), suggesting that TOPP1 plays a role in ABA signaling through
interacting with PYLs proteins. Based on the strength of protein-protein interactions in
Y2H assays, hereafter we selected PYL11 as a representative member of PYLs for further
functional assays. Using the split LUC assay, the interaction of cLUC-TOPP1 and
PYL11-nLUC was confirmed in vivo (Fig. 2-7). Taken together, the interactions of
TOPP1 with SnRK2s and PYLs shown in the Y2H assays suggest that TOPP1, similar to
the PP2Cs, may serve as a mediator between PYLs and SnRK2s to trigger downstream
ABA signaling transduction.
2.2.1.5 Protein interactions of AtI-2 and PYR1/PYLs family
Previous structural studies of PP1-I-2 enzyme complex in mammals showed that
PP1 interacts with target proteins without I-2 dissociation, resulting in forming a
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heterotrimer complex (46). Using BD-PYL5 as bait in the Y2H cDNA library screen,
AtI-2 was found to interact with PYL5 (Fig. 2-8). Combined with these, we also
addressed the potential interactions of AtI-2 and PYLs by Y2H assays. Yeast cotransformed with AD-AtI-2 and BD-PYLs displayed weaker growth on SD-Leu/Trp/His
medium than yeast transformed with AtI-2 and TOPP1 (Fig. 2-9). Because the physical
interactions of AtI-2 and PYLs family shown in the Y2H assay are relatively weak
compared with other sets, we intend to confirm the protein interactions of AtI-2 and
PYLs members by the split LUC assays in tobacco leaves and Arabidopsis protoplasts.
AtI-2-cLUC/PYL11-nLUC as well as the reciprocal tests PYL11-cLUC/AtI-2-nLUC
displayed LUC signals in tobacco leaves (Fig. 2-10[A] and [B]). Moreover, Col-0
protoplasts co-transfected with AtI-2 and most PYLs displayed positive LUC expression,
confirming the physical interactions of AtI-2 and PYLs in vivo (Fig. 2-11). Based on
these results, we hypothesized that TOPP1 and AtI-2 may form a functional protein
complex that coordinates with PYLs and SnRK2s to trigger ABA signaling transduction.
2.2.1.6 AtI-2 stabilizes the protein interactions of TOPP1 and its substrates
Previous results in Y2H assay displayed that TOPP1 mainly interacts with ABAactivated SnRK2s (Fig. 2-2). Thus, we tested the interactions of TOPP1 and
SnRK2.2/2.3/2.6 by the split LUC assay, in which showed that all three SnRK2s-nLUC
could interact with cLUC-TOPP1 in vivo (Fig. 2-12) However, we noticed that the
interaction of cLUC-TOPP1 and SnRK2.6-nLUC in split LUC assay was much weaker
compared with that of cLUC-TOPP1 and SnRK2.2/2.3-nLUC (Fig. 2-12). In mammals,
I-2 functions as a modulator of PP1 and thereby facilitates PP1 docking to its substrate
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proteins to form a trimeric protein complex (47, 48). We speculated that AtI-2 might play
a similar role in stabilizing the protein interaction between TOPP1 and SnRK2.6 in vivo.
Therefore we co-expressed AtI-2 with cLUC-TOPP1 and SnRK2.6-nLUC to measure the
differential LUC expressions. The results of split LUC assay showed that the stability of
LUC signal that resulted from TOPP1 and SnRK2.6 interaction was increased by AtI-2,
as observed at 3 days post co-infiltration (middle panel of Fig. 2-13). Similar results were
obtained from the combination of cLUC-TOPP1 and PYL11-nLUC (top panel of Fig. 213). We also examined the cLUC-TOPP1 expression with α-cLUC by western blotting to
ensure equal amount of protein expression in each combination (lower panel of Fig. 2-13).
These results suggest that, while TOPP1 interacts with SnRK2s or PYLs, AtI-2 may
contribute to the signaling pathway as a modulator that stabilizes TOPP1’s association
with its substrates in vivo.
2.2.1.7 Thr72 of AtI-2 does not affect the interaction of TOPP1 and SnRK2.6
Phosphatase activity of PP1 is known to associate with its regulatory subunits. In
terms of PP1-I-2 complex in mammals, phosphorylated Threonine (Thr) at PxTP motif of
I-2 can affect the association and activity of PP1-I-2 enzyme complex (49). Thus we
questioned whether phosphorylated Thr (T) of AtI-2 could affect the protein interaction
between TOPP1 and AtI-2, which lead to disturbing the interaction of TOPP1 and its
substrates. Thr72 was mutated to Alanine (A) or Aspartic acid (D) to mimic the
phosphorylation status of AtI-2 in vivo. As observed at 3 days post co-infiltration, the
results of split LUC assay showed that the stability of LUC signal that resulted from
TOPP1 and SnRK2.6 interaction was increased in the presence of all three forms of AtI-2.
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However, changes of Thr72 in AtI-2 showed no effect on the interaction of TOPP1 and
SnRK2.6 in the split LUC assay (Fig. 2-14). We concluded that phosphorylated Thr72 of
AtI-2 might not be required for stabilizing the protein interaction of TOPP1 and SnRK2.6.

2.2.2 Functional analysis of TOPP1 and AtI-2 in regulation of SnRK2.6
2.2.2.1 Recombinant TOPP1 with putative phosphatase activity in vitro
In plants, TOPP1 is a putative serine-threonine phosphatase with no native
substrates identified yet. The results of Y2H and split LUC assays addressed the physical
interactions of TOPP1, AtI-2 and members of SnRK2s, in particular with the ABAactivated SnRK2s (Fig. 2-2 and 2-4), which leads us to validate if TOPP1 can
dephosphorylate SnRK2s in vitro. To determine if the TOPP1 possess the activity of
phosphatase, we produced recombinant protein GST-tagged TOPP1 (GST-TOPP1) and
GST-AtI-2 to perform the in vitro phosphatase assay (Fig. 2-15[A], lane 3, 4, 5 & 6).
Recombinant GST-TOPP1 showed phosphatase activity when p-nitrophenyl phosphate
(pNPP) was used as a general substrate in an in vitro phosphatase assay. As previous
studies reported, recombinant GST-AtI-2 was capable of inhibiting the phosphatase
activity of TOPP1 in vitro (Fig. 2-16).
2.2.2.2 PYL11 can inhibit the phosphatase activity of TOPP1 in vitro
PYR1/PYLs inhibit the phosphatase activity through direct binding to the
catalytic domain of the PP2Cs. Considering TOPP1 interacted with several members of
the PYR1/PYLs family, we intend to examine whether TOPPs function downstream of
PYR1/PYLs. Thus, we generated His-tagged PYL11 (His-PYL11) to test whether PYL11
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could also affect the phosphatase activity of TOPP1 in vitro (Fig. 2-17). As the ABAenhanced interaction of TOPP1 and PYL11 observed in Y2H assay, the addition of ABA
on affecting the TOPP1 activity was also examined in His-PYL11 set. GST-TOPP1
showed the reduced phosphatase activity when co-incubated with His-PYL11, however,
the addition of ABA did not affect overall phosphatase activity of TOPP1 in vitro (Fig. 217). These results suggest that PYL11 inhibits the phosphatase activity of TOPP1 in vitro,
though ABA effect on TOPP1 activity was not determined by in vitro phosphatase assay.
2.2.2.3 TOPP1- and AtI-2- mediated dephosphorylation of SnRK2.6
To test the idea that TOPP1 and AtI-2 can regulate SnRK2.6 through
dephosphorylation, we next generated MBP-tagged SnRK2.6 (MBP-SnRK2.6) and GSTABF2 fragment (Gly73 to Gln119) as the substrate of SnRK2.6 to perform the in vitro
phosphorylation experiments (Fig. 2-15 [A], lane 1, 2, 7 &8). The results of kinase assays
showed that auto-phosphorylation of SnRK2.6 as well as the SnRK2.6-mediated
phosphorylation of ABF2 was both reduced by GST-TOPP1 in a dose- dependent manner
(Fig. 2-18 [A] and [B]), indicating that TOPP1 can dephosphorylate SnRK2.6 in vitro.
Furthermore, we examined the effect of AtI-2 working on TOPP1-mediated
dephosphorylation of SnRK2.6. To our surprise, AtI-2 alone could reduce the
phosphorylation status of ABF2 (Fig. 2-19, lane 3), suggesting that AtI-2 may function
independently of TOPP1. Co-incubation of TOPP1 and gradient amounts of AtI-2 results
in reducing the kinase activity of SnRK2.6, indicating that the inhibitory effects of
TOPP1 on SnRK2s activity were enhanced by AtI-2 in a dose-dependent manner (Fig. 219, lane 4-6), Taken together, these data suggest that AtI-2 stabilizes the interaction of
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TOPP1 and SnRK2.6, thereby enhancing TOPP1-mediated dephosphorylation of
SnRK2.6 and that AtI-2 itself may also inhibit SnRK2 activity independently of TOPP1.
2.2.2.4 Reconstitution of an alternative ABA signaling pathway
The In vitro results demonstrated above that TOPP1 may form a complex with
AtI-2 that acts upstream of SnRK2.6. To verify that the TOPP1-AtI-2 complex functions
downstream of PYLs and upstream of SnRK2s in planta, we next carried out a transient
activation analysis in Col-0 protoplasts using RD29B promoter-driven Luciferase
(RD29B-LUC) as a reporter gene. Transfection of SnRK2.6 together with the
transcription factor ABF2 can activate the RD29B-LUC expression in an ABA-dependent
manner (21). Using this protoplast system, we examined the effects of TOPP1, AtI-2 and
PYL11 on the induced expression of RD29B-LUC in the presence or absence of ABA.
ABI1 was previously reported to inhibit the SnRK2.6- and ABF2-mediated RD29B-LUC
expression, and such inhibition was released by PYL11 in response to ABA (Fig. 2-20,
lane 2 & 7) (21). Like ABI1, which serves as a positive control, TOPP1 also reduced
SnRK2.6- and ABF2-mediated RD29B-LUC expression (Fig. 2-20, lane 3), indicating
that TOPP1 negatively regulates SnRK2.6 activity in vivo and in vitro (Fig. 2-20, lane 3
and Fig. 2-18). The addition of AtI-2 also reduced RD29B-LUC expression (Fig. 2-20,
lane 4), which may be attributed to AtI-2 enhanced stabilization of endogenous TOPPs.
Another possibility is that AtI-2 may have dual functions on regulating SnRK2.6 in both
a TOPPs-dependent and a TOPPs-independent manner, as demonstrated in the in vitro
kinase assay above (Fig. 2-19, lane 3). Similarly, addition of AtI-2 enhanced the
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inhibitory effect of TOPP1 on SnRK2.6, blocking the ABA-induced SnRK2.6 activity in
the protoplast assay (Fig. 2-20, lane 5).
We further introduced all signaling components to the protoplast transient assay
to demonstrate the effect of PYL11 coordinating with TOPP1-AtI-2 complex to inhibit
SnRK2.6 activity. In the absence of ABA, PYL11 inhibited the endogenous PP2Cs,
resulting in an induction of RD29B-LUC expression (Fig. 2-20, lane 6). Such PYL11
induced RD29B-LUC expression, however, was partially compromised by TOPP1 and
AtI-2 (Fig. 2-20, lane 8 & 9). Furthermore, upon ABA treatment, PYL11 released the
inhibitory effects of TOPP1-AtI-2 on SnRK2.6 and ABF2-mediated RD29B-LUC
expression (Fig. 2-20, lane 10). Taken together, these results showed that TOPP1 and
AtI-2 collaboratively function downstream of PYL11 and upstream of SnRK2.6 in
forming an alternative ABA signaling pathway that is PP2Cs-independent.

2.2.3 Genetic analysis of TOPP1 and AtI-2 in response to ABA and stress
2.2.3.1 ABA-inhibited seed germination
ABA plays a critical role in regulating seed dormancy and germination (1). The
quadruple mutant pyr1/pyl1/pyl2/pyl4 and the triple mutant snrk2.2/2.3/2.6 were shown
to be tolerant to exogenous ABA during seed germination (13, 14, 17). To better
understand the biological function of TOPP1 and AtI-2 in regulating ABA responses
during seed germination and dormancy, we isolated homozygous T-DNA insertion
mutants of TOPP1 and TOPP4 (topp1-1: SALK_057537; topp4-1: SALK_090980C) and
generated double mutant topp1-1topp4-1 by crossing (Fig. 2-21 [A]). We also isolated
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the single T-DNA insertion mutant ati-2 (SALK_110571C) (Fig. 2-21 [B]). To better
understand the ABA-responsive phenotypes, we also generate transgenic lines with
overexpression of TOPP1 and AtI-2 in the topp1-1 and ati-2 mutant backgrounds,
respectively. Genomic PCR with poly-A reverse and gene-specific primers indicated the
potential overexpressing lines in T1 generation (Fig. 2-22 [A]). We also examined the
epitope protein expression levels by western blotting, which showed the corresponding
molecular weights of HA-TOPP1 and Flag-AtI-2 in T2 generation of transgenic lines
(Fig. 2-22 [B]).
Next, we examined the seed germination rates of wild-type (Col-0) and mutants in
ABA-containing MS medium. Neither topp1-1 nor topp4-1 showed significant difference
relative to wild type in seed germination, possibly because of the functional redundancy
of the TOPP family (Fig. 2-23). However, the topp1-1topp4-1 double mutant displayed
an ABA-sensitive phenotype during seed germination compared to wild type (Fig. 2-23).
On the other hand, green cotyledon expansion was reduced in ati-2 relative to wild-type
in response to 0.6 and 0.8 µM ABA during seed germination, but green cotyledon
expansion do not differ between ati-2 and the wild-type on control MS base medium (Fig.
2-24). Consistent with the ABA-sensitive phenotype observed in the mutants, transgenic
lines overexpressing either TOPP1 or AtI-2 showed no difference to the wild-type plants
on MS or MS supplemented with 0.6 µM ABA, However, OX-TOPP1 and OX-AtI-2 lines
were more resistant to 1 µM ABA than the wild-type and ati-2 plants (Fig. 2-25).
Altogether, these results suggest that TOPP1 and AtI-2 negatively regulate ABA
signaling during seed germination.
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2.2.3.2 ABA-inhibited seed dormancy
In terms of regulating seed dormancy, the double mutant snrk2.2snrk2.3 but not
snrk2.6 was insensitive to ABA (12), indicating that SnRK2 members temporally
regulate ABA-inhibited seed germination. Because TOPP1 and AtI-2 interacted with
SnRK2.2/2.3 in vitro and in vivo (Fig. 2-2 and 2-12), we speculated that TOPP1 and AtI2 might be involved in the control of seed dormancy through SnRK2.2/2.3. To test this
idea, we planted the seeds without stratification on MS medium supplemented with ABA.
Germination did not significantly differ between either ati-2 or topp1-1topp4-1 and the
wild type in the presence of 0.25 µM ABA (Fig. 2-26 and 2-27). In contrast, the
transgenic lines overexpressing either TOPP1 or AtI-2 showed early germination without
stratification (Fig. 2-26 and 2-27), suggesting that they function in the seed dormancy
stage.
2.2.3.3 ati-2 and topp1-1topp4-1 mutants are hypersensitive to salt stress
In addition to testing ABA-inhibited of seed germination, we also determined
whether the ati-2 and topp1-1topp4-1 mutants displayed other stress phenotypes. In the
presence of 100 mM NaCl, ati-2 showed severely retarded germination with limited
green cotyledon expansion compared to wild-type seeds (left panel of Fig. 2-28). Like
their response to ABA treatment, topp1-1topp4-1 exhibited a delayed expansion of green
cotyledon in response to salt stress (right panel of Fig. 2-28).
2.2.3.4 Root growth and water loss are not regulated by TOPP1 and AtI-2
Considering that ABA is known to regulate primary root growth of seedlings after
seed germination (1), we also examined the post-germination phenotypes under different
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ABA conditions. Four-days-old seedlings of the wild-type, ati-2 and topp1-1topp4-1
growing on vertical MS medium were transferred to ABA-supplemented medium and
primary root growth was observed after a week, however, no significant difference was
observed in the primary root length (Fig. 2-29). Previous studies show that the impaired
stomatal closure in snrk2.6, but not in snrk2.2snrk2.3 mutant, leads to a greater leaf water
loss (12). Regarding to the ati-2 mutant, the effect on leaf water loss in ati-2 mutant do
not differ from the wild-type, implying that its minor role in ABA-regulated stomatal
control (Fig. 2-30).
2.2.3.5 Histological expression of TOPP1 and AtI-2
ABA-sensitive phenotypes of topp1-1topp4-1 and at-i2 mutants in seeds
germination prompt us to elucidate if TOPP1 and AtI-2 are mainly expressed during early
seed germination. Seeds of transgenic lines expressing endogenous promoter of TOPP1
and AtI-2 driven GUS were germinated on MS medium supplemented with or without
ABA for 2-4 days. GUS staining analysis showed that proTOPP1::GUS mainly
expressed in the cotyledon during germination, while proAtI-2::GUS expressed
throughout the whole seedlings with the enrichment in the root tip (Fig. 2-31[A]).
2.2.3.6 Transcripts of TOPP1 and AtI-2 in response to ABA
Though TOPP1 and AtI-2 function as signaling components in early ABA
signaling, transcriptional levels of TOPP1 and AtI-2 may be regulated by ABA. Thus, we
tested whether ABA can alter the expression of TOPP1 or AtI-2 in 12-days-old seedlings.
Compared with RD29B that is greatly up regulated within 3-6 h in response to ABA, no
significant changes in either TOPP1 or AtI-2 transcript levels were observed upon ABA
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treatment (Fig. 2-32), suggesting that the expression of TOPP1 and AtI-2 are also not
regulated by ABA in the young seedling stage.
2.2.3.7 Alternation of ABA- and Stress-responsive genes expression
Although TOPP1 and AtI-2 expression were not induced by ABA, ABA
phenotypes of topp1-1topp4-1 and ati-2 mutants may be attributed to the altered
expression of ABA- and other stress-responsive genes. To check this possibility, we
examined the expression of stress-responsive genes such as RD29A, RD29B, RAB18,
COR15A and COR47 in the presence or absence of 50 µM ABA for 3 hours by
quantitative Real-Time PCR (qRT-PCR). In the presence of ABA, these ABA-responsive
genes were up regulated to a greater extend in both at-i2 and topp1-1topp4-1 mutants
compared to the wild type plants (Fig. 2-33). These results further support the notion that
both AtI-2 and TOPPs negatively regulate ABA signaling pathway.
2.2.3.8 Freezing tolerance of the ati-2 and topp1-1topp4-1 mutants
Among the ABA-responsive genes that we examined, RAB18, COR15A and
COR47 are dehydrins increased in response to low-temperature and salinity stress (50). In
plants, low temperature stress refers to chilling (0-20 ℃) and freezing (<0 ℃) conditions
(50). However, most plants can go through an adapted-process called cold acclimation,
where plants gain tolerance to freezing condition with prior exposure to low non-freezing
temperatures (4 ℃). To evaluate the roles of TOPP1 and AtI-2 in response to freezing
condition, we conducted the electrolyte leakage assay that measures the degree of cell
damage after freezing stress. 3-weeks-old detached rosette leaflets of the wild-type, ati-2
and topp1-1topp4-1 were subjected to low temperature stress ranging from 0 to -12 ℃.
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We measured the electro conductivity and compared the results from plants with or
without cold acclimation. The ati-2 and topp1-1topp4-1 mutants displayed an increased
freezing tolerance relative to wild-type without cold acclimation (left panels of Fig. 2-34
[A] and [B]). Compared with the wild-type plants, temperatures at 50 % ion leakage
(LT50) were estimated to be -4 ℃ to -6 ℃ for ati-2 and topp1-1topp4-1 mutants (right
panels of Fig. 2-34 [A] and [B]). Electrolyte leakage assay was conducted with 2 weeks
cold-acclimation of wild-type and mutants since the cold-acclimation leads to increase
freezing tolerance to lower temperature. The ati-2 and topp1-1topp4-1 mutants showed
more tolerant phenotype to lower degrees of freezing condition after 2 weeks cold
acclimation at 4 ℃ (Fig. 2-35 [A] and [B]). Compared with the wild-type plants, LT50
were estimated to be -6 ℃ to -8 ℃ and -6 ℃ to -9 ℃ for ati-2 and topp1-1topp4-1
mutants, respectively. The LT50 of cold-acclimated plants is much lower that that of nonacclimated ones. These results suggest that both TOPPs and AtI-2 may be also involved
in the cold stress response.
2.2.3.9 TOPP1 and AtI-2 suppress ABA-induced SnRK2s activity in vivo
It has been reported that ABA-induced endogenous kinase activities of SnRK2s
could be detected by in-gel kinase assay (10, 51). All of the results presented thus far
indicated that the TOPP1-AtI-2 holoenzyme participated in the dephosphorylation of
SnRK2.6 in vitro. To further confirm the roles of TOPP1 and AtI-2 in negative regulation
of SnRK2.6 in vivo, we examined the changes of endogenous SnRK2s activity in WT,
ati-2 and topp1-1topp4-1 mutants using in-gel kinase assay. Since ABA-sensitive
phenotype were observed during early seed germination stage in mutants, crude proteins
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were extracted from 4-days-old Col-0, ati-2, topp1-1topp4-1 seedlings with or without
the 50 µM ABA treatment for one hour. In-gel kinase assay was carried out using histone
as general substrate of SnRK2s. In the absence of ABA, all mutants and the wild-type
showed no endogenous SnRK2.2/2.3/2.6 activities (Fig. 2-36). Upon ABA treatment for
one hour, endogenous kinase activities of SnRK2.2/2.3/2.6 in ati-2 and topp1-1topp4-1
mutants were higher than that of wild-type (Fig. 2-36), suggesting that ABA-induced
SnRK2.2/2.3/2.6 activity is negatively regulated by TOPP1 and AtI-2 at early
germination stage.

2.2.4 Proposed model of TOPP1- and AtI-2- mediated ABA signaling
Taken the results together in this chapter, we have identified two new components
in ABA signal transduction: Type One phosphatase 1 (TOPP1) and its regulatory protein
Inhibitor-2 (AtI-2). We propose that in plants, TOPPs-AtI-2 forms a complex and
regulates ABA signaling by physically interacting with PYLs and SnRK2s. TOPP1-AtI-2
acts upstream of SnRK2s and inactivates the kinase activity of SnRK2s. ABA triggers the
release of the inhibition of SnRK2s via the co-action of PYLs and TOPP1-AtI-2. TOPP1AtI-2 acts in a similar way as PP2Cs but serves as an additional or alternative pathway to
confer specificity and flexibility in ABA signaling (Fig. 2-37).

2.3

Discussion

Type One phosphatase 1 (TOPP1) and its regulatory protein Inhibitor-2 (AtI-2)
form a complex and regulates ABA signaling by physically interacting with PYLs and
SnRK2s. TOPP1-AtI-2 acts upstream of SnRK2s and inactivates the kinase activity of

22
SnRK2s. ABA triggers the release of the inhibition of SnRK2s via the co-action of PYLs
and TOPP1-AtI-2. TOPP1-AtI-2 acts in a similar way as PP2Cs but serves as an
additional or alternative pathway to confer specificity and flexibility in ABA signaling
(Fig. 2-33). In support of our model, we postulate that both ABA dependence and
pairwise interactions among key signaling components define the specificity of PP2Cs
and TOPP1-AtI-2-mediated ABA signaling. PYR1/PYL1-4 bind to and inhibit the PP2Cs
only in the presence of ABA, while a subclass of PYLs (PYL5-13) constitutively inhibit
PP2Cs independent of ABA (52). Although TOPP1 did not interact with all members of
PYLs in Y2H assay (Fig. 2-6), the interactions of TOPP1 with PYLs were ABAindependent. Moreover, TOPP1 and PP2Cs displayed different pairwise interactions with
PYLs in the present study and in previous studies (53-55). Given the tissue-specific and
stimuli-inducible expression of PP1 and other key ABA signaling components, we
assume that the complexity of ABA signaling also confers flexibility, in addition to
specificity, to plant responses to various environmental challenges (such as salinity,
drought, cold, and osmotic stress) that often evoke ABA responses in different
developmental stages. Determining which members of the PP1 family collaborate with
different PYLs to elicit signal transduction events would be a worthwhile goal of future
research.
Functional redundancy of signaling component proteins is a hallmark of the
diverse responses to developmental and environmental cues in plants. Because the
Arabidopsis genome encodes nine isoforms of TOPPs with high amino acid similarity
(29), it is not surprising that single loss-of-function or knock-down mutants of topp1-1
and topp4-1 show no ABA phenotypes (Fig. 2-23). However, the reduced green
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cotyledon expansion in the topp1-1topp4-1 mutant indicates that TOPP1 is involved in
ABA-controlled seedling growth, although the phenotype was not as strong as in other
mutants of the PP2C family (21). We were unable to obtain triple mutants of the three
closest TOPPs (1, 2, & 4) possibly because of the lethality of excessive reductions of
TOPPs. However, overexpression of TOPPs in protoplast transient assay clearly showed
that TOPP1 inhibited SnRK2.6 activity particularly in response to ABA (Fig. 2-20).
Consistent with this, overexpression of TOPP1 rescued the ABA-sensitive phenotype of
topp1-1topp4-1 double mutants during seed germination (Fig. 2-23). In contrast, AtI-2
lacks functional redundancy and interacts with and targets all isoforms of TOPPs (31).
Thus, the ati-2 mutant displayed a much stronger ABA-sensitive phenotype than the
topp1-1topp4-1 double mutant (Fig. 2-23 and 2-24).
Protein phosphorylation is an early signaling event in the response of plants to
stimuli. Therefore, phosphatases and kinases are key signaling components that mediate
intracellular responses. However, there is a greater number of defined phosphatases than
defined kinases. The Arabidopsis genome contains about 1050 kinases but fewer than
150 annotated catalytic subunits of phosphatases (56). Therefore, PP1 may mediate
numerous cellular responses by targeting different kinases. In plants, however, the
substrates of TOPPs have not been identified. Here, we provide evidence that TOPP1
dephosphorylates SnRK2.6, resulting in the reduction of kinase activity in vitro and in
vivo (Fig. 2-18 and Fig. 2-20, lane 3). With ABA treatment, endogenous
SnRK2.2/2.3/2.6 activity was higher in the double mutant topp1-1topp4-1 than in wildtype plants (Fig. 2-36), further indicating that SnRK2.6 is one of the substrates of TOPP1.
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To our knowledge, SnRK2.6 is the only substrate of TOPP1 that has been characterized
in Arabidopsis.
In most cases, the functional specificity of a protein is conferred by its interacting
partners. In yeast and mammals, a variety of regulatory proteins tightly control the
biological functions and subcellular localization of PP1. AtI-2, which is a ubiquitous
heat-stable protein that lacks homologs in the plant genome, inhibits TOPPs activity in
vitro (31). Other than serving simply as an inhibitory protein of TOPPs, the diverse
biological roles of AtI-2 have yet to be characterized. In yeast, deletion of Glc8, which is
an ortholog of I-2, significantly reduced Glc7/PP1 activity (57). Researchers have
proposed that the interaction of I-2 and PP1 could increase the stability of the PP1-I-2
enzyme complex and thereby enhance PP1 activity (58). In the present study, we found
that AtI-2 stabilized the LUC signals in the spilt LUC assay that was used to investigate
the interaction between TOPP1 and SnRK2.6 (Fig. 2-13), suggesting that AtI-2 may
stabilize the interaction of TOPP1 and its targets. Consistent with this inference, AtI-2
also enhanced the phosphatase activity of TOPP1 in regulating SnRK2.6 (Fig. 2-19 and
2-20). In mammals, I-2 is a well-known inhibitory protein of PP1 and can be further
modulated by phosphorylation through distinct upstream kinases. Phosphorylation of I-2
at serine residues by casein kinase II results in the subsequent phosphorylation of
threonine 72 by the protein kinase glycogen synthase kinase-3 (GSK-3), which leads to
the activation of the PP1-I-2 enzyme complex (49). Multiple sites phosphorylated by
three distinct kinases in AtI-2 were identified using IP-MS (59). Phosphorylation of AtI-2
by various kinases might be another key mechanism that modulates the phosphatase
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activity of TOPPs. Therefore, the phosphorylation status of At-I-2 under ABA treatment
should be explored in the future. Furthermore, although I-2 was initially characterized as
the inhibitory protein of PP1, it also regulates the target proteins in a PP1-independent
manner (60). The physiological function of phosphatase I-2 remains enigmatic. Previous
studies demonstrated the dual functions of human I-2 in controlling the Aurora-A kinase
activity in the cell cycle. Typically, Aurora-A is inactivated by PP1, while I-2 can release
the inhibition of Aurora-A by PP1. However, Aurora-A can also be activated by PP1 in
an I-2-independent manner (60), suggesting that I-2 has dual roles, i.e., it serves as an
inhibitor in some pathways and an activator others. This may explain why AtI-2 could
directly bind to and inhibit SnRK2.6 in the absence of TOPP1 in vitro (Fig. 2-19).
Similar results were obtained with the ati-2 mutant, which displayed increased
SnRK2.2/2.3/2.6 activity in response to ABA (Fig. 2-36). Taken together, our results
indicate that AtI-2 is flexible in regulating the activity of TOPPs or in directly targeting
their substrate proteins in response to different intracellular signals.
By identifying and investigating the TOPP1-AtI-2 complex, this study has
provided new insights into the ABA signaling network. The biological function of
TOPPs-AtI-2-mediated ABA signaling, however, remains unclear. It would be important
to further dissect the molecular roles of TOPPs and PP2Cs in plants, especially in
different tissues and developmental stages, in order to determine the spatial and temporal
co-action of TOPP1-AtI-2 with PYLs and SnRK2s. Unlike SnRK2.6, which
predominantly regulates stomatal closure, SnRK2.2/2.3 are mainly expressed and
function during seed dormancy and germination (12). Besides SnRK2.6, SnRK2.2 and
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SnRK2.3 potentially serve as substrates of TOPP1 because they interact with TOPP1 in
vitro and in vivo (Fig. 2-2 and 2-12). Although we were unable to generate an active form
of recombinant protein of SnRK2.2/2.3 in order to determine whether TOPP1 can also
inactivate the kinase activities of SnRK2.2/2.3, we found that transgenic lines
overexpressing TOPP1 and AtI-2 were ABA-insensitive during seed dormancy,
indicating functional collaboration between TOPP1 and SnRK2.2/2.3. As an alternative
ABA signaling pathway, in addition to providing specificity and flexibility in the ABA
response, TOPP1-AtI-2 may fine-tune the core-signaling pathway mediated by PP2Cs.
For example, most isoforms of TOPPs are expressed in guard cells while PP2Cs are well
known to regulate stomatal closure in response to ABA (33). This is not the only case
that both PP1 and PP2C target to the same substrate and dephosphorylate it. In
mammalian cells, both PP1c and PP2Cα dephosphorylate the AMP-activated protein
kinase that is orthologous to SnRK2s in plants (61). Blue light-induced phosphorylation
of H+-ATPase is impaired in abi1-1, abi2-1, and ost1-2 mutants (62), indicating that the
crosstalk between blue light and ABA signaling pathways may be mediated by both PP1
and PP2Cs.
2.4

Materials and methods

2.4.1 Yeast two-hybrid (Y2H) assay
The full-length coding regions of SnRK2s and PYLs were PCR amplified using
Phusion high fidelity enzyme (New England Biolabs) and were cloned into pGBKT7
(Gal4 DNA binding domain; Clontech). The clones were used to screen the cDNA library
for proteins that interact with SnRK2s and PYLs. The Arabidopsis cDNA library
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constructed in the pGADT7-RecAB vector (Gal4 activation domain; Clontech) was
prepared by Clontech. Primers used for cloning in the Y2H assays were listed in Table
2.1.
To confirm the protein interactions of interest, pGADT7 plasmids containing
TOPP1 or AtI-2 were co-transformed with members of pGBKT7-SnRK2s or pBDGal4PYLs into Saccharomyces cerevisiae AH109 cells following the standard yeast PEG
transformation method (63). Empty vectors of pGBKT7 and pBDGal4 were cotransformed and used as negative controls. Successfully transformed colonies were
identified on yeast SD medium lacking Leucine (Leu) and Tryptophan (Trp). To verify
the protein interactions, these colonies were transferred to selective SD medium lacking
Leu, Trp and Histidine (His) in the absence or presence of 10 µM ABA. 1 mM 3-amino-1,
2, 4-triazole (3-AT) was supplemented to reduce the self-activation effect of BD-SnRK2s.
To measure the strength of protein interactions, saturated yeast cultures were diluted to
10-1, 10-2 and 10-3 and spotted onto the selection medium. The cultures were
photographed after 4 days at 30 °C.

2.4.2 β-galactosidase filter assay
Yeast cells grown on SD medium lacking Leu and Trp were lifted by a filter
paper and frozen by liquid N2 for 5 min. The filter paper was then placed in a petri dish
with 10 mL X-gal/Z buffer solution (100 mL Z buffer (16.1 g/L Na2HPO47H2O, 5.5 g/L
NaH2PO4H2O, 0.75 g/L KCl, 0.246 g/L MgSO47H2O, pH 7.0), 0.27 mL βMercaptoethanol and 1.67 mL 20 mg/mL X-gal stock). The reaction was incubated at
37 °C until the colonies turn blue.
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2.4.3 Split Luciferase (LUC) complementation assay
The split LUC assay was used to test protein-protein interactions, while constructs
carrying coding information of two proteins were transient expression in leaves of
Nicotiana benthamiana by Agrobacterium-mediated injection. Agrobacterium strains
GV3101 carrying cLUC and nLUC constructs cultured at 28 °C overnight were resuspended in injection buffer (10 mM MgCl2, 10 mM MES and 100 µM Acetosyringone,
pH 5.6). Corresponding cLUC and nLUC constructs were equally mixed (final
concentration OD600=0.5/each) and infiltrated by the syringe into N. benthamiana leaves.
The infiltrated leaves were covered with a plastic lid for 2 days to maintain higher
humidity. Leaves co-expressing different constructs were then assessed for LUC activity
by applying the LUC substrate D-luciferin (Promega), which was dissolved in 0.01 %
Triton X-100, and examining the leaves with a CCD camera equipped with Winview
software (Princeton instruments).

2.4.4 Expression and purification of recombinant proteins from E. coli
Complimentary DNA generated from Col-0 seedlings was used as template. The
DNA coding regions of TOPP1 and AtI-2 with specific digestion sites were obtained by
PCR amplification. The PCR products were digested with EcoRI/XhoI (TOPP1),
BamHI/XhoI (AtI-2) and subcloned into the pGEX4T1 vector (Amersham) for the
production of GST fusion proteins using Escherichia coli BL21 (DE3) cells. Fusion
proteins were purified using glutathione–agarose beads (Sigma-Aldrich) for both in vitro
phosphatase and kinase assays. PYL11 coding region was amplified by PCR and
subcloned into the pET28a vector (Novagen), and MBP-SnRK2.6 was prepared as
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reported in Fujii. et al. 2009. Escherichia coli BL21 (DE3) strain carrying pET28aPYL11 and pMal-c2X-SnRK2.6 constructs were purified by Ni-NTA agarose (QIAGEN)
and amylose resin (NEB), respectively, following the manufacturer’s protocol. Reporter
construct pGEX4T1-ABF2 (Gly-73 to Gln-119) was prepared as described in Fujii. et al.
2007. The primers used are listed in Table 2.2.

2.4.5 Expression and purification of GST-TOPP1
BL21 (DE3) carrying pGEX4T1-TOPP1 was cultured in Ampicillin-containing
LB medium at 37 ℃ for 14-16 hours. The overnight culture was diluted 100-fold on the
following morning with 1mM MnCl2 at 37 ℃ and grown to OD 600 of 0.6-0.8. The
culture was shifted to low-temperature condition (18-25℃) with addition of 0.1 mM
IPTG for 8 h incubation. Cells was harvested and re-suspended with ST buffer (150 mM
NaCl, 10 mM MgCl2, 1 mM EGTA and 10 mM Tris-HCl, pH 7.0) containing 100 µg/mL
lysozyme (Sigma). The addition of 5 mM DTT, 1 mM PMSF and 1.5 % Triton X-100
was supplemented and incubated at 4 ℃ for 1 h. After centrifuge at 8000 rpm at 4 ℃ for
30 min, the supernatant was incubated with prewashed GST-agarose beads at 4 ℃ for 4 h
following the manufacturer’s protocol to purify the GST-TOPP1. GST-TOPP1 was
eluted from the agarose beads by GST elution buffer (50 mM Tris-HCl, 10 mM Reduced
Glutathione, pH 8.0).

2.4.6 pNPP (p-nitrophenyl phosphate) phosphatase activity assay
The general substrate p-nitrophenyl phosphate (pNPP, Sigma) was used to
measure the phosphatase activity of TOPP1. Reactions were performed in assay buffer
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containing 50 mM Tris-HCl, pH 7.5, 2 mM MnCl2, 1 mM EDTA, 0.5 % βmercaptoethanol, 2 mg/ml BSA and 50 mM pNPP. Gradient GST-AtI-2 or His-PYL11
was incubated with GST-TOPP1 at 37 ℃ for 1 h. For His-PYL11 set, one preparation
was treated with 1.25 µM ABA. After incubation, the reactions were quenched with a 5fold volume of 0.5 M EDTA. The hydrolysis of pNPP was assessed based on absorbance
at 405 nm (A405).

2.4.7 In vitro phosphorylation assay
GST-TOPP1, GST-AtI-2 and MBP-SnRK2.6 were pre-incubated at room
temperature for 20 min in reactions containing kinase assay buffer (25 mM Tris-HCl, pH
7.4, 12 mM MnCl2, 1 mM DTT). After pre-incubation, GST-ABF2 and 1 µCi [ϒ-32P]
ATP were added and incubated at 30°C for 15 min. After the reaction, 4 X SDS–PAGE
sample buffer was added to the reaction mixture and was resolved by SDS–PAGE. After
gel drying, the radioactivity of MBP-SnRK2.6 and GST-ABF2 was detected by the
phosphor-screen and personal molecular imager (BIO-RAD).

2.4.8 Western blotting
Plant tissues were first ground with liquid N2 and then dissolved in IP buffer (50 mM
Tris-HCl, pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM NaF,
10 mM β–glycerophosphate, 10 µg/mL Leupeptin, 10 µg/mL Aprotinin, and 0.1 % Triton
X-100). After centrifuging at 15000 rpm for 30 min, protein concentrations of
supernatants were then determined by Bradford reagent. Protein samples were mixed
with 4X SDS sampling buffer (2.5 mM Tris-HCl, pH 6.8, 10 % SDS, 0.01 %
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Bromophenol Blue, 40 % glycerol, 20 % β-mercaptoethanol) and then boiled at 100 ℃
for 10 min. Protein samples and prestained protein ladders (Fermentas) were separated by
SDS-PAGE gel electrophoresis with 1 X SDS running buffer (25 mM Tris-base, 192 mM
glycine, 0.1 % SDS) and then transferred to nitrocellulose membrane (NC; BIO-RAD)
with 1 X transfer buffer (25 mM Tris-base, pH 7.6, 192 mM glycine, 20 % Methanol) at
15 Volts for 30 min. Nonspecific proteins on the nitrocellous membrane were incubated
in blocking buffer using 5 % non-fat milk in 1X PBST buffer (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.05 % tween-20, pH 7.2) at 25 °C for as least
1 h. After the non-specific proteins were blocked, corresponding antibodies were added
to the former blocking buffer, and the membrane was incubated at 4 °C overnight with
constant shaking. The nitrocellous membrane was washed three times (20 min each time)
with 20 mL of 1X PBST buffers. The membrane was then incubated with secondary
antibodies in 1X PBST buffer at 25 °C for 2 h before it was washed three times with 1X
PBST buffer. After the ECL Western Blotting detection kit (GE healthcare) was used, the
membrane was exposed to X-ray films (Provisions) to capture the signals.

2.4.9 Protoplast preparation and transient expression assay
Protoplast transient assays were performed as described (Fujii et al. 2009).
Briefly, plants were grown under 11-h light/13-h dark photoperiod condition. Leaf strips
(0.5 mm) cut from the middle part of the second leaves were incubated in 15 mL enzyme
solution (20 mM MES, pH 5.7, 1.5 % (w/v) cellulase R10 (Yakult Pharmaceutical
Industry), 0.4 % (w/v) macerozyme R10 (Yakult Pharmaceutical Industry), 0.4 M
mannitol, 20 mM KCl, 10 mM CaCl2, 1 mM β-mercaptoethanol and 0.1 % BSA) and
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vacuum infiltrated for 30 min. Leaves in enzyme solution was then incubated for 3 h at
room temperature in the dark condition. After incubation, 15 mL of W5 solution (2 mM
MES, pH 5.7, 154 mM NaCl, 125 mM CaCl2 and 5 mM KCl) was added, and the total
solution was filtered with a 75-µm nylon mesh. Protoplasts were centrifuged at 100 g for
2 min in a 30-mL round-bottomed tube (Sarstedt); pellets were resuspended in W5
solution and precipitated for 30 min at room temperature.
Before transfection, protoplasts were suspended with MMg solution (4 mM MES,
pH 5.7, 0.4 M mannitol and 15 mM MgCl2) to a final concentration of 2×105 cell/ml.
Protoplasts (100 µl) were combined with the plasmid DNA mixture and 110 µl of PEG
solution (40 % w/v PEG-4000, 0.2 M mannitol, and 100 mM CaCl2) then mixed gently
and thoroughly. Protoplast and plasmids were incubated for 5 min, and washed with 440
µl of W5 solution; later pellets were resuspended in 50 µl of WI solution (4 mM MES,
pH 5.7, 0.5 M mannitol and 20 mM KCl). After transfection, protoplasts were incubated
in WI solution without ABA or with 5 µM ABA under light. After 4h, the protoplasts
were harvested, frozen in liquid N2, and stored at -80 ℃.
The frozen protoplasts were resuspended in 50 µl of protoplast lysis buffer (2.5
mM Tris-phosphate, pH 7.8, 1 mM DTT, 2 mM DACTAA, 10 % (v/v) glycerol and 1 %
(v/v) Triton X-100), then protoplast lysates (20 µl) were mixed with 100 µl of D-luciferin
mix (Promega) to measure the LUC luminescence intensity with Wallac VICTOR2 plate
reader (Perkin Elmer).
Protoplast lysates (2 µl) were mixed with 10 µl of 4-methylumbelliferyl β-Dglucuronide (MUG) substrate mix (10 mM Tris-HCl, pH 8, 1 mM MUG (Gold Bio Tech)
and 2 mM MgCl2) and incubated for 30 min at 37℃ before 100 µl of 0.2 M Na2CO3 was
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added. GUS activity was measured using the plate reader with the excitation filter at 355
nm and the emission filter at 460 nm.
All the plasmids used in this assay were purified using QIAGEN Plasmid Maxi or
Midi Kit. RD29B::LUC (7 µg/transfection) was used as the ABA-responsive reporter,
while ZmUBQ::GUS (2 µg/transfection) was used as the internal control. The following
were used per transfection: ABF2-HA (3 µg) and SnRK2.6-Flag (3 µg), ABI1-HA (2 µg),
HA-TOPP1 (pEarley201-TOPP1, 6 µg) and Flag-AtI-2 (pEarley202-AtI-2, 6 µg). Primers
used in this assay are listed in Table 2.2.

2.4.10 Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 ecotype was used in this study. T-DNA
insertion mutants, topp1-1 (SALK_057537), topp4-1 (SALK_090980C) and ati-2
(SALK_110571C), were obtained from the Arabidopsis Biological Resource Center
(ABRC, Columbus, OH). Homozygous mutants were isolated by genomic DNA PCR
methods. Primer sequences are listed in Table 2.3. The double knockout mutant
snrk2.2snrk2.3 was obtained as described in Fujii et al., 2007.
Arabidopsis seedlings were grown on horizontal MS medium agar plates
containing full MS salts, 3 % (w/v) sucrose, and 0.6 % (w/v) agar at pH 5.7 in a growth
chamber or in soil under well-watered conditions at 23 ℃ under long-day photoperiod
condition (16-h-light/8-h-dark).
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2.4.11 Generation of transgenic lines in Arabidopsis
To clone proTOPP1::GFP, proAtI-2::GFP, proTOPP1::GUS and proAtI-2::GUS
constructs, DNA fragments covering roughly 2 kb upstream to the translational initiation
start codon sites were PCR amplified from Col-0 genomic DNA as templates. The PCR
products were ligated into for the pENTR/D-TOPO vector according to the
manufacturer’s instructions (Invitrogen). These constructs were recombined by Gateway
LR reaction with Gateway LR Clonase II enzyme mix (Invitrogen) into pGWB4 and
pMDC162 destination vectors (ABRC) as instructed by the manufacture. Similar
procedures were performed but using cDNA as template to generate CaMV 35S
promoter-driven overexpression lines of TOPP1 (pEarley201-TOPP1) and AtI-2
(pEarley202-AtI-2) vectors (ABRC). Primers used are listed in Table 2.2. These
constructs were transformed into Agrobacterium tumefaciens GV3101 and were
subsequently transformed into Col-0 wild-type and corresponding mutant plants by the
floral dipping method (64). Transformed seeds were harvested, and transformed GFP and
GUS lines were plated on hygromycin (40 mg/mL) containing ½ MS medium.
Overexpression lines were grown in soil and sprayed with Basta herbicide (FINALE) to
screen for the transgenic lines.

2.4.12 Seed germination and dormancy tests
Seeds of the wild type (Col-0) and homozygous T-DNA insertion mutants were
harvested at the same time. For the germination assay, seeds were surface sterilized and
then planted on MS base medium and MS supplemented with different concentration of
ABA as indicated. After stratification at 4 ℃ for 3 days, plates were transferred to the
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growth chamber. Germination was scored based on green cotyledon expansion after 10
days. For the seed dormancy assay, the same procedure was followed but with no
stratification.

2.4.13 Seedlings root growth test
Seeds of wild-type and mutants were surface-sterilized and planted on MS base
medium containing full MS salts, 3 % (w/v) sucrose, and 1.2 % (w/v) agar, pH 5.7. After
3 days stratification, plates were transferred to the growth chamber for 4 days vertical
growing under long day condition. Seedlings were transferred to MS medium or MS
supplemented with 50 µM ABA for additional 5 days vertical growth.

2.4.14 Water loss assay
Full-expanded leaves were detached from 4-5 weeks old plants and incubated under the
same conditions used for plant growth. Each sample containing 3-4 individual leaves was
weighted at the indicated times.

2.4.15 β-Glucoronidase (GUS) staining
Germinating seeds or seedlings were incubated in GUS staining buffer (1 mM
K3Fe(CN)6, 0.1 % Triton X-100, 10 mM EDTA, 100 mM phosphate buffer (NaPO4, pH
7.0), and 2 mM X-Gluc (GoldBio Tech)) at 37 ℃ for 16 h. The GUS staining were
removed with 50% ethanol for appropriate time.

36
2.4.16 RNA extraction and quantitative Real Time-PCR
For quantitative real-time PCR (qRT-PCR), 1 µg of total RNA extracted with
Trizol reagent (Invitrogen) was used for the first-strand cDNA synthesis by the qScript
Flex cDNA Synthesis kit (Quanta) according to the manufacturer’s instruction. The
cDNA reaction mixture was diluted three times, and 2 µL was used as a template in a 15µL qRT-PCR reaction (Quanta). PCR was performed after a preincubation at 95 ℃ for 3
mins followed by 40 cycles of denaturation at 95 ℃ for 15 s, annealing at 55 ℃ for 15 s,
and extension at 72 ℃ for 10 s. All the reactions were performed in the BIO-RAD realtime PCR detection system. Each experiment was replicated three times. The
comparative Ct method was applied. The primers used are listed in Table 2.4.

2.4.17 Electrolyte leakage assay
In a 15-mL test tube, place each full-expanded leaflet with only petiole in the 100
µL of ddH2O. Each time intervals are performed with at least 3 duplicates. Keep the tubes
in a refrigerated bath at 0 ℃. Program the temperature of the bath to decrease to -12℃,
with a decrease of 2 ℃ per hour. Remove the samples at desired intervals and incubate
them in the mixture of ice and water. After overnight thawing, transfer each leaflet with
solution to a fresh glass tube containing 25 mL of ddH2O. Measure the electro
conductivity of each solution after overnight shaking. Autoclave the tubes with the
leaflets and cool them down to room temperature. Again, measure the electro
conductivity of the solutions and calculate the percentage of electrolyte leakage as the
percentage of the conductivity before autoclaving over that after autoclaving. For the
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cold-acclimation treatment, plants were placed at 4 ℃ for 2 weeks and conducted with
freezing test (65).

2.4.18 In gel kinase assay
Seeds germinating in ½ MS medium with 1.5% sucrose for 4 days were transfer to
control medium (½ MS) or ½ MS containing 50 µM ABA for 1 hour. Total proteins were
extracted in 5 mM EDTA, 5 mM EGTA, 2 mM DTT, 10 mM NaF, 10 mM Na3VO4, 50
mM β-glycerophosphate, 5 % glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5
µg/mL leupeptin, 5 µg/mL aprotinin, and 100 mM HEPES-KOH, pH 7.5. After two
centrifugations at 14000 rpm for 20 min, the protein concentrations of the supernatants
were determined using Bradford reagent (BIO-RAD) with BSA as the standard (66).
Proteins (15 µg/lane) were separated on a 10 % SDS-PAGE gel containing 2 mg/mL
histone as substrate. The gel was washed three times (30 min each time) with washing
buffer (0.5 mM DTT, 5 mM NaF, 0.1 mM Na3VO4, 0.5 mg/mL BSA, 0.1 % Triton X-100,
and 25 mM Tris-HCl, pH 7.5). The gel was then incubated twice (1 hour each time) at
room temperature with re-natured buffer (1 mM DTT, 5 mM NaF, 0.1 mM Na3VO4, and
25 mM Tris-HCl, pH 7.5), and was then incubated at 4 ℃ overnight. After 30 min of
incubation in reaction solution (2 mM EGTA, 12 mM MgCl2, 1 mM DTT, 0.1 mM
Na3VO4, and 25 mM Tris-HCl, pH 7.5) at room temperature, the gel was incubated in 30
mL of reaction solution supplemented with 50 µCi of [ϒ-32P] ATP and 200 nM cold ATP
for 60 min at room temperature. The gel was washed with 5% TCA and 1 % sodium
pyrophosphate for total 6 h with five changes of buffer. The radioactivity of endogenous
SnRK2.2/2.3/2.6 was exposed and quantified by the phosphoimager (BIO-RAD).
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2.5

Figures

Fig. 2-1 Putative interactions of TOPP1 and SnRK2s in the Y2H assay
[A] Yeast growth on SD-Leu/Trp/His medium indicates that AD-TOPP1 physically
interacts with SnRK2.4, and SnRK2.6 but not SnRK2.10. Two individual colonies were
selected in each combination. The empty pGBKT7 vector was used as a negative control.
[B] β-Galactosidase assay. Yeast colonies with X-gal staining revealed the interactions
between TOPP1, SnRK2.4 and SnRK2.6.
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Fig. 2-2 TOPP1 interacts with SnRK2 family in the Y2H assay
TOPP1 fused to the GAL4-activating domain (AD) was used as prey and SnRK2s fused
to the GAL4-DNA binding domain (BD) were used as baits. ABI1 interacting with
SnRK2.6 serves as a positive control. Interaction was determined by growth assay on SD
media lacking Leu, Trp and His in the absence or presence of 10 µM ABA. Serial
dilutions (10-1, 10-2 and 10-3) of saturated cultures were spotted onto the plates and were
photographed after 3 days.
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Fig. 2-3 TOPP1 interacts with SnRK2.6 in the split LUC assay
cLUC-TOPP1 interacts with SnRK2.6-nLUC in the split LUC assay in leaves of N.
benthamiana. The combination of cLUC-TOPP1/AtI-2-nLUC was used as a positive
control. LUC signal was captured 2 days after Agrobacterium infiltration.
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Fig. 2-4 AtI-2 interacts with SnRK2 family in the Y2H assay
AtI-2 fused to the AD was used as prey and SnRK2s fused to the BD were used as baits.
AtI-2 interacting with TOPP1 serves as a positive control. Interaction was determined by
growth assay on media lacking Leu, Trp and His in the absence or presence of 10 µM
ABA. Serial dilutions (10-1, 10-2 and 10-3) of saturated cultures were spotted onto the
plates and were photographed after 3 days.
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Fig. 2-5 AtI-2 interacts with SnRK2.6 in the split LUC assay
AtI-2-nLUC interacts with SnRK2.6-cLUC in the split LUC assay in leaves of N.
benthamiana. The combination of ABI1-nLUC/SnRK2.6-cLUC was used as a positive
control. LUC signal was captured 2 days after Agrobacterium infiltration.
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Fig. 2-6 TOPP1 interacts with PYL family in the Y2H assay
AD-TOPP1 fused to the AD was used as prey and PYLs fused to the BD were used as
baits. ABI interacting with PYR1 and PYL11 serves as positive controls. Interaction was
determined by growth assay on media lacking Leu, Trp and His in the absence or
presence of 10 µM ABA. Serial dilutions (10-1, 10-2 and 10-3) of saturated cultures were
spotted onto the plates and photographed after 4 days.
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Fig. 2-7 TOPP1 interacts with PYL11 in the split LUC assay
cLUC-TOPP1 interacts with PYL11-nLUC in the split LUC assay in leaves of N.
benthamiana. AtI-2-nLUC interacting with cLUC-TOPP1 was used as a positive control.
LUC signal was captured 2 days after Agrobacterium infiltration.
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Fig. 2-8 Putative PYL5-interacting proteins identified in the Y2H screening
BD-PYL5 was used as bait protein to perform Y2H screening. Eleven yeast colonies
harboring BD-PYL5 and unknown prey plasmids were identified and confirmed on the
SD-Leu/Trp medium or SD-Leu/Trp/His/Ade medium with Mannitol. Yeast cotransformed with ABI1 and PYL5 was used as a positive control, while other
transformants serve as negative controls as indicated. #2 was identified as AtI-2 inserted
in the pGADT7 vector.
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Fig. 2-9 AtI-2 interacts with PYL family in the Y2H assay
AtI-2 fused to the AD was used as prey and PYLs fused to the BD were used as baits.
ABI interacting with PYR1 and PYL11 serves as positive controls. Interaction was
determined by growth assay on media lacking Leu, Trp and His in the absence or
presence of 10 µM ABA. Serial dilutions (10-1, 10-2 and 10-3) of saturated cultures were
spotted onto the plates, and were photographs after 5 days.
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[A]

[B]

Fig. 2-10 AtI-2 interacts with PYL11 in the split LUC assay
AtI-2 linked with cLUC [A] and nLUC [B] interact with PYL11 in the split LUC assays
in leaves of N. benthamiana. PYL11 interacting with ABI1 was used as positive control.
LUC signal was captured 2 days after Agrobacterium infiltration.
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PYL13-nLUC + AtI-2-cLUC!
PYL12-nLUC + AtI-2-cLUC!
PYL11-nLUC + AtI-2-cLUC!
PYL10-nLUC + AtI-2-cLUC!
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Fig. 2-11 AtI-2-PYLs interactions in the split LUC assay in Col-0 protoplasts
Relative LUC expression levels of protoplasts that were cotransfected with AtI-2 and
PYL family in the split LUC assay. PYL11 and ABI1 was used as a positive control.
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Fig. 2-12 TOPP1 interacts with SnRK2.2/2.3/2.6 in the split LUC assay
cLUC-TOPP1 interacts with SnRK2.2/2.3/2.6-nLUC in the split LUC assay in leaves of
N. benthamiana. PYL11-nLUC/cLUC-TOPP1 was used as a positive control. LUC signal
was captured 2 days after Agrobacterium infiltration.
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Fig. 2-13 AtI-2 stabilizes the protein interactions of TOPP1 and its targets
Introduction of AtI-2 results in a stable interaction of cLUC-TOPP1/SnRK2.6-nLUC and
PYL11-nLUC/SnRK2.6-nLUC in the split LUC assay. LUC signal was captured 3 days
after Agrobacterium infiltration. The lower panel displays the cLUC-TOPP1 expression
detected by α-c terminal LUC antibody in western blotting.
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Fig. 2-14 Phosphorylated Thr72 of AtI-2 does not affect the protein interacting stability
of TOPP1 and SnRK2.6
SnRK2.6-nLUC/cLUC-TOPP1 co-infiltrated without (#1) or with different forms of AtI2 including wild-type (#2), T72A (#3, Thr72 mutated to Alanine) and T72D (#4, Thr72
mutated to Aspartic acid) in the split-LUC assay in tobacco leaves. LUC signal was
captured 3 days after Agrobacterium infiltration.

52

Fig. 2-15 Purification of recombinant proteins from E. coli
[A] Lane 1, 2: MBP-SnRK2.6 (asterisks). Lane 3, 4: GST-TOPP1 (arrowhead with tail).
Lane 5, 6: GST-AtI-2 (closed arrowhead). Lane 7, 8: GST-ABF2 (open arrowhead). M:
Protein prestained ladder. For each, the odd lanes were loaded with proteins conjugated
on the agarose beads, while the even ones were eluted by the corresponding elution
buffers.
[B] Lane 1 and 2: His-PYL11 was sequentially eluted from Ni-NTA agarose (indicated as
arrowhead).
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Fig. 2-16 AtI-2 inhibits the phosphatase activity of TOPP1 in vitro
The phosphatase activity of TOPP1 was determined by using the colorimetric substrate pnitrophenyl phosphate (pNPP). Relative pNPP activities (IU) were determined by OD405
measurement. Error bars indicate s.e.m. (n = 3).
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Fig. 2-17 PYL11 inhibits TOPP1 activity in an ABA-independent manner
The phosphatase activity of TOPP1 was determined by using pNPP. The inhibitory
effects of PYL11 on TOPP1 activity were examined in the absence or presence of 1.25
µM ABA. Relative pNPP activities (IU) were determined by OD405 measurement. Error
bars indicate s.e.m. (n = 3).
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Fig. 2-18 TOPP1 suppresses the kinase activity of SnRK2.6 in vitro
The effect of TOPP1 on the kinase activity of SnRK2.6 as indicated by an in vitro kinase
activity. Recombinant MBP-SnRK2.6 was incubated with increasing amounts of GSTTOPP1 in the absence [A] or presence [B] of GST-ABF2. The activity of SnRK2.6 was
indicated by the auto phosphorylation of SnRK2.6 or phosphorylation of substrate ABF2.
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Fig. 2-19 TOPP1 and AtI-2 inactivate kinase activity of SnRK2.6 in vitro
Effect of TOPP1 and AtI-2 on SnRK2.6 activity. Recombinant MBP-SnRK2.6 was
incubated with indicated combinations of GST-TOPP1 and GST-AtI-2 in the presence of
[γ-32P] ATP in the in vitro kinase assay. SnRK2.6 activity was indicated by the
radioactivity of GST-ABF2.
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Fig. 2-20 Reconstitution of a TOPP1- and AtI-2-mediated alternative ABA signaling in
protoplasts
TOPP1, AtI-2, PYL11, SnRK2.6, and ABF2 were co-expressed in different combinations
as indicated in wild-type (Col-0) protoplasts to reconstitute the ABA signaling pathway.
RD29B::LUC was used as the ABA-responsive reporter, and ZmUBQ::GUS was used as
the internal control. After transfection, protoplasts were incubated for 4 h under light in
the absence of ABA (closed bars) or in the presence of 5 µM ABA (open bars). Error
bars indicate s.e.m. (n = 3).
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Fig. 2-21 Isolation of T-DNA insertion mutants of topp1-1, topp4-1 and ati-2
T-DNA insertion homozygous mutants were identified by PCR amplification of genomic
DNA isolated from T-DNA lines (provided by ABRC) using TOPP1-, TOPP4-, and AtI2-specific primers together with LBb1.3 (LB) as indicated in panel [A] and [B].
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Fig. 2-22 Transgenic lines overexpressing TOPP1 and AtI-2
[A] Transgenic lines were identified by PCR amplification with gene-specific forward
and poly-A reverse primers as indicated.
[B] HA-TOPP1 and Flag-AtI-2 of transgenic lines were detected by α-HA and α-Flag
antibodies in western blotting, respectively. Corresponding molecular weight of HATOPP1 and Flag-AtI-2 were indicated as arrowheads.
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Fig. 2-23 Seed germination of TOPP1 and TOPP4 mutants
Seed germination percentages of TOPP mutants and wild-type (WT) plants. WT, topp1-1,
topp4-1, and topp1-1topp4-1 seeds were germinated on MS medium and MS
supplemented with 1.25 µM ABA. Germination percentages were calculated by dividing
the total number of germinating seeds (i.e., seeds with green cotyledon expansion) by the
total number of sown seeds.
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Fig. 2-24 Seed germination of AtI-2 mutant
Seed germination percentages of ati-2 mutant and wild-type (WT) plants. WT and ati-2
seeds were germinated on MS medium and MS supplemented with 0.6 and 0.8 µM ABA.
Germination percentages were calculated by dividing the total number of germinating
seeds (i.e., seeds with green cotyledon expansion) by the total number of sown seeds.
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Fig. 2-25 Seed germination of TOPP1 and AtI-2 overexpressing plants
Overexpression of TOPP1 and AtI-2 results in an ABA-resistant phenotype during seed
germination. WT, OX-TOPP1 and OX-AtI-2 seeds were germinated on MS medium and
MS supplemented with 0.6 and 1.0µM ABA. Germination percentages were calculated
by dividing the total number of germinating seeds (i.e., seeds with green cotyledon
expansion) by the total number of sown seeds.
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Fig. 2-26 ABA-inhibited seed dormancy of TOPP1 mutant and overexpressing plants
Col-0, snrk2.2/2.3, topp1-1topp4-1, and OX-TOPP1 seeds without stratification were
sown on MS medium and MS medium with 0.25 µM ABA. Germination percentages
were calculated by dividing the total number of germinating seeds (i.e., seeds with green
cotyledon expansion) by the total number of sown seeds. Lower panel shows the
percentage of seedlings with green cotyledons on the indicated media.
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Fig. 2-27 ABA-inhibited seed dormancy of AtI-2 mutant and overexpressing plants
Col-0, snrk2.2/2.3, ati-2, and OX-AtI-2 seeds without stratification were sown on MS
medium and MS medium with 0.25 µM ABA. Germination percentages were calculated
by dividing the total number of germinating seeds (i.e., seeds with green cotyledon
expansion) by the total number of sown seeds. Lower panel shows the percentage of
seedlings with green cotyledons on the indicated media.
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Fig. 2-28 Germination of ati-2 and topp1-1topp4-1 is sensitive to salinity stress
Wild-type, ati-2 ([A]), topp1-1topp4-1 seedlings ([B]) on full-strength MS medium with
3% sucrose and with or without (control) 100 mM NaCl. The seedlings were
photographed 12 days after stratification.
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Fig. 2-29 ABA-mediated inhibition of seedling growth
Seedlings grown for 4 days with equal root length were transferred to control medium
(MS medium with 3% sucrose) or medium containing 50 µM ABA. Seedlings were
photographed at 7 days after transfer.
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Fig. 2-30 Leaf water loss assay
Water loss was measured using detached leaves of Col-0 wild-type, snrk2.2/2.3/2.6, and
ati-2. Data are means ± SE (n = 6). FW, fresh weight.
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Fig. 2-31 GUS expression of TOPP1 and AtI-2
GUS staining of pro::TOPP1::GUS and pro::AtI-2::GUS transgenic lines. Seeds were
germinated for 3 days on MS medium and stained with GUS substrate for 8 h.
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Fig. 2-32 Transcriptional levels of TOPP1 and AtI-2 in response to ABA
Ten-day-old wild-type Col-0 seedlings were treated with 50 µM ABA in a time-course
manner. Transcripts levels of TOPP1, AtI-2 and RD29B were quantified by quantitative
RT-PCR assay using total RNAs extracted from ABA treated and untreated seedlings.
Actin 2 was used as an internal control.
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Fig. 2-33 TOPP1 and AtI-2 regulate ABA-responsive genes expression
Twelve-day-old seedlings of WT, ati-2 and topp1-1topp4-1 mutants were treated with or
without 50 µM ABA for 3 hours. Transcripts of RD29A [A], RD29B [B], RAB18 [C],
COR15A [D], COR47 [E], and NCED3 [F] were analyzed by quantitative RT-PCR while
Actin 2 serves as an internal control.
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Fig. 2-34 Electrolyte leakage assays of non-acclimated plants
Leakage of Electrolytes in [A] wild-type and ati-2 and [B] wild-type and topp1-1topp4-1
subjected to freezing stress ranging from 0 to -12 ℃. Right bar charts of [A] and [B]
displayed the electrolyte leakage of mutants relative to wild-type at temperature intervals
from 0 to -6 ℃. Error bars indicate s.e.m. (n = 4).
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Fig. 2-35 Electrolyte leakage assays of cold-acclimated plants
Leakage of Electrolytes in [A] wild-type and ati-2 and [B] wild-type and topp1-1topp4-1
treated with freezing stress ranging from 0 to -14 ℃. For cold acclimation treatment,
plants were incubated at 4 ℃ for 2 weeks under white fluorescent light. . Error bars
indicate s.e.m. (n = 4).
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Fig. 2-36 TOPP1 and AtI-2 inactivate SnRK2s activity in vivo
In-gel kinase assay with proteins extracted from the 4-day-old seedlings of the Col-0
wild-type, ati-2 and topp1-1topp4-1 treated with ½ MS in the absence or presence of 50
µM ABA for 1 hour. Histone was used as the substrate of SnRK2.2/2.3/2.6.
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Fig. 2-37 A proposed model of TOPP1- and AtI-2-mediated alternative ABA signaling
In plants, TOPP1-ATI-2 complex modulates the ABA signaling through physical
interactions with PYLs and SnRK2s. TOPP1-AtI-2 interacts with SnRK2.6 and
suppresses its kinase activity. Such suppression can be released by PYLs in the presence
of ABA. The role of TOPP1-AtI-2 in ABA signal transduction is to serve as an addition
or alternative to the PP2Cs-mediated core ABA signaling to confer specific and flexible
spatial-temporal ABA response to developmental and environmental cues.

75
Table 2.1 List of primers for Y2H assays
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Table 2.2 List of primers for protein expression and TOPO cloning
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Table 2.3 List of primers for genotyping and common sequencing
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Table 2.4 List of primers for qRT-PCR
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CHAPTER 3. IDENTIFICATION OF SIGNAL COMPONENTS RESPONDING TO
OSMOTIC STRESS IN ARABIDOPSIS

3.1

Abstract

The phytohormone abscisic acid (ABA) regulates growth, development, and
response to abiotic stress in plants. Current model of ABA signaling in which PP2Csmediated inhibition of SnRK2s is released by PYLs is used to elucidate the orchestration
of core signal components in early ABA responses. Regarding to osmotic response in
plants, kinase activities of certain SnRK2s could be induced by hyperosmotic stress
independently of ABA, while some mutants of PYLs particularly show phenotypes in
response to drought stress. However, it is unclear which PYLs/SnRK2s are in response to
osmotic stress independently of ABA. Protoplast transient expression assay has shown
that, relative to other PYLs, PYL5 and PYL10 can greatly induce RD29B-LUC
expression after osmotic treatment. Thus, we carried out the yeast two-hybrid cDNA
library screening to elucidate the critical functions of PYL5/10 and to identify new
signaling components in response to osmotic stress in Arabidopsis thaliana.

3.2

Results

3.2.1 Effect of osmotic stress on the activity of ABA receptors
The core ABA signaling pathway has been reconstituted by co-expression of key
signal components in the transient expression assay in protoplasts. Different members of
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the PYR1/PYLs family could release the PP2Cs-mediated SnRK2s inhibition in response
to ABA. However, not all tested PYR1/PYLs members were not equally effective. These
results suggested the pairwise of PP2Cs and PYLs in response to ABA and other ABAevoked stresses. We speculated that the diverse function of the PYR1/PYLs family in
particular with osmotic stress independently of ABA. To test this idea, we examined the
effect of osmotic stress on the activity of ABA receptors. Protoplast co-transfected with
SnRK2.6/7 in combined with ABI1, ABF2 and PYR1/PYLs members were incubated
with WI medium (400mM Mannitol) or osmotic stress medium (660 mM Mannitol). The
results showed that PYL5 and PYL10 have relative high activities in releasing the
RD29B-LUC expression (Fig. 3-1 [A] and [B]). Genetic analysis also showed that
reduced expression of PYL5 and PYL10 results in increasing the sensitivity to the growth
medium -0.7MPa PEG relative to wild-type seedlings, implying their biological roles in
response to osmotic stress (Fig. 3-2). Thus, we purposed that; other than function as ABA
receptors, PYL5 and PYL10 may specifically trigger downstream ABA signaling prior
evoked by osmotic stress.

3.2.2 PYL5-interacting proteins in Y2H cDNA library screenings
To dissect the biological roles of PYL5 and PYL10 in response to ABA and
osmotic stress, we carried out the yeast two-hybrid (Y2H) screenings using PYL5 and
PYL10 as baits under the selection medium with or without Mannitol for identifying the
potential interactors. BD-PYL5 was transformed into yeast AH109 strain that were
selected on SD-Trp medium to get desired transformants. Yeast harboring BD-PYL5 bait
vectors was then sequentially transformed with a cDNA library, and further selected the
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survival candidates on the SD-Leu/Trp/His medium in the absence or presence of 750mM
Mannitol. Transformation efficiency of each Y2H screening was determined by the
number of colonies growing on the SD-Leu/Trp medium that selects for both BD and AD
plasmids.
After sequential transformation with BD-PYL5, there were total 221 colonies
grown on the SD-Leu/Trp/His medium. These colonies were subjected to the selection of
β-galactosidase filter assay to narrow down the candidate interactors. 23 colonies, which
had higher β-galactosidase activity, were sequenced as 18 genes listed in the Table 3.1.
Except for PYL5 itself, none of the rest candidate genes were identified to interact with
PYL5 yet. We again performed the Y2H cDNA screening of PYL5 under the osmotic
stress condition. Several members of the clade A PP2Cs including ABI1, HAB1 and
PP2CA were identified to interact with PYL5 (Table 3.2). One gene named as AtI-2, that
is a phosphatase inhibitor, was identified with weak interaction of PYL5 (Fig. 3-3).
3.2.3 PYL10-interacting proteins in Y2H cDNA library screenings
We performed the Y2H cDNA library screenings of PYL10 in the absence or
presence of osmotic stress following by the same procedures described above. As listed
in the Table 3.3, 34 genes were characterized as potential interacting with PYL10 on the
SD-Leu/Trp/His medium. Two genes, referred to PROLIFERATING CELL NUCLEAR
ANTIGEN 2 (PCNA2) and UNFERTILIZED EMBRYO SAC 5 (UNE5), were also
identified to interact with PYL5 under the same selective condition. On the other hand,
ABI1 and HAB1 were the majority interacting proteins of PYL10 in the osmotic
screening (Table 3.4). Combined with the results of four screenings, we selected several
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candidate genes including AtI-2, DUF1296, PCNA2, UNE5, AT3G56580 (as RING/Ubox family protein) and AT2G16365 (as F-box family protein) for further functional
characterization to evaluate their roles in response to ABA and osmotic stress.

3.2.4 Preliminary characterization of candidate genes
We first retransformed the original prey plasmids with BD, BD-PYL5 and BDPYL10 into yeast to confirm the protein interactions. Yeast harboring AD- AT3G56580
or AD-AT2G16365 displayed protein interactions with BD-PYL10 but not with BD or
BD-PYL5 on the SD-Leu/Trp/His medium, indicating their specific interactions
identified from the PYL10-screening (Fig. 3-3). However, UNE5 and PCNA2, both were
isolated from PYL5- and PYL10-screenings, can only interact with PYL10 as
retransformation (Fig. 3-3). Regarding of DUF1296, it showed interaction with specific
members of PYLs in which yeast only cotransformed with AD-DUF1296 and BD-PYL5
could grow on the SD-Leu/Trp/His/Ade medium (Fig. 3-4).
We also isolated the T-DNA insertion homozygous mutants of candidate genes to
examine their seedlings growth in response to osmotic stress. Null mutant of UNE5
displayed retarded growth on either MS control medium or MS supplemented with -0.7
MPa PEG, implying the role of UNE5 involved in the morphological development
(Upper left panel of Fig. 3-5). The reduced green cotyledon expansion and root growth
were observed in the null mutant of AT2G16365 (F-box family protein) relative to wildtype in response to -0.7 MPa PEG, but seedling growth do not differ between the mutant
and wild-type on control MS base medium (Lower left panel of Fig. 3-5). Neither pcna2

83
nor null mutant of AT3G56580 (RING-U-box family protein) showed significant
difference relative to wild type in seedling growth (Right panels of Fig. 3-5).
The interactions of AtI-2 and PYLs were examined in vitro and in vivo as shown
in Fig. 2-9, 2-10 and 2-11. Seedling growth of ati-2 in response to ABA or osmotic stress
was examined. The reduced green cotyledon expansion and root growth were observed in
ati-2 mutant relative to the wild-type in response to -0.7 MPa PEG and 5 µM ABA, but
seedling growth do not differ between the mutant and wild-type on control MS base
medium (Fig. 3-6). The story of how AtI-2 regulates the ABA signaling through
interacting with TOPP1, PYLs and SnRK2s is described in Chapter 2.
3.3

Discussion

In this study, we carried out the Y2H cDNA library screening to identify putative
interacting proteins of PYL5 and PYL10 in response to osmotic stress. Yeast growth
medium was supplemented with Mannitol to mimic a hyperosmotic environment.
Relative to the control medium, yeast transformants growing on SD medium with
osmotic stress showed delayed growth. However, the sensing mechanism of osmotic
stress may differ from yeast and Arabidopsis. Thus, Immunoprecipitation-Mass
spectrometry (IP-MS) assay can be considered as another strategy better mimicking the
osmotic stress to identify in vivo protein-protein interactions.
It has been shown that protein stability of PYR1/PYLs is regulated by ubiquitinmediated protein degradation (43). Two genes, AT3G56580 (annotated as RING/U-box
family protein) and AT2G16365 (annotated as F-box family protein), showed interaction
with PYL10 in the Y2H assays. Genetic analysis displayed that seedling growth of null
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mutant of AT2G16365 was sensitive to MS medium supplemented with -0.7 MPa PEG
relative to wild-type, but has no difference with wild-type on the control medium. Data
mining on the website of eFP browser shows that transcript of AT2G16365 in seedlings
was up-regulated by cold stress from 3 to 12h but back to normal level after 24 h (67). In
terms of seed germination stage, transcript of AT2G16365 was up-regulated by imbibed
in water or ABA. These preliminary results suggest the role of AT2G16365 in response to
abiotic stresses. Like DDA1, AT2G16365 may function in targeting PYLs to the protein
degradation. To elucidate the molecular role of AT2G16365 on regulating PYLs, the
interaction of AT2G16365 and PYLs should be confirmed in vivo and in vtro.
DUF1296 was found to interact with PYL5 on the SD-Leu/Trp/His medium with
Mannitol in the Y2H screening (Table 3.2). Yeast harboring AD-DUF1296 and BDPYLs on SD-Leu/Trp/His/Ade medium displayed the specific interaction between
DUF1296 and PYL5, but not other PYLs (Fig. 3-4). Subcellular localization of DUF1296
was predicted to the nucleus. Thus, The co-localization of DUF1296 and PYL5 in cell
can be examined to better understand the biological role of DUF1296 in regulating PYL5.

3.4

Materials and methods

3.4.1 Yeast two-hybrid (Y2H) cDNA library screening
Floral buds of Arabidopsis thaliana ecotype Columbia-0 were harvested to exact
total RNA with Trizol reagent (Invitrogen). In general, we performed the Y2H cDNA
library screening according to the protocol of Matchmaker™ GAL4 Two-Hybrid System
3 (Clontech). The cDNA library was synthesized by SMART™ cDNA synthesis
(Clontech), and then sub-cloned into pGADT7-RecAB vector with Sfi IA/Sfi IB
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restriction sites. Plasmids of cDNA library in E. coli were purified by QIAGEN Maxi kit
with final concentration 1 µg/µL.
In order to screen the potential interacting proteins of PYLs and SnRK2s, PYL5,
PYL10, PYL11, SnRK2.4 and SnRK2.6 expressed in the bait vectors pBDGal4/pGBKT7
were individually transformed into Saccharomyces cerevisiae AH109 yeast strain
following the standard PEG method (63). Colonies successfully transformed with bait
vectors were identified on yeast Synthetic Defined (SD) medium lacking Trp (SD-Trp).
cDNA library with total amount of 100 µg was further transformed into bait vectorcontaining AH109 competent cells with the transformation efficiency reaching to 105.
Transformations with bait and library vectors were plated on SD–Leu/Trp/His
medium to screen for HIS3 expression. Subsequently, replica plate His+ colonies onto
SD–Leu/Trp/His/Ade medium to screen for ADE2 expression. β-galactosidase filter assay
was also carried out to verify the putative positive clones. To rescue AD/library vectors
from positive yeast clones, Colonies were streaked to SD-Leu medium several times to
eliminate the existence of bait vector. To identify the inserted genes, AD/library plasmids
isolated from yeast were subjected to sequence with T7 and 3’ sequencing primers. Genes
of interest were amplified by PCR and cloned into pGADT7 prey vector to confirm the
protein interactions with the bait proteins. Primer sequences are listed in Table 3.5.

3.4.2 Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 (Col-0) and Wassilewskija (WS-1) ecotypes
were used for the corresponding T-DNA insertion lines in this study. T-DNA insertion
mutants (PYL5: AT5G05440, SAIL_318D12; RING/U-Box family protein: AT3G56580,
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SALK_024296;

UNE5:

AT2G47470,

SALK_082179;

PCNA2:

AT2G29570,

SALK_148062; F-box family protein: AT2G16365, SALK_024229; DUF1296:
AT1G55820, SALK_069116C) were obtained from the Arabidopsis Biological Resource
Center (ABRC, Columbus, OH). Primer sequences are listed in Table 3.5. Arabidopsis
seeds were grown on vertical MS medium agar plates containing full MS salts, 3 % (w/v)
sucrose, and 1.2 % (w/v) agar at pH 5.7 in a growth chamber or in soil under wellwatered conditions at 23℃ under long-day condition (16-h-light/8-h-dark).

3.4.3 Seedling growth assay
Seeds of the wild type and homozygous T-DNA insertion mutants were harvested
at the same time. For the germination assay, seeds were surface sterilized and then
planted on MS base medium and MS supplemented with -0.7 MPa PEG8000 or 5 µM
ABA as indicated in the text and figure legends. After stratification at 4 ℃ for 3 days,
plates were transferred to the growth chamber and grown vertically for 10 days.
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3.5

Figures

Fig. 3-1 Effect of osmotic stress on the activity of ABA receptors
Reconstitution of ABA signaling with [A] SnRK2.6 and [B] with SnRK2.7. Protoplasts
co-transfected with ABF2, ABI1, ABA receptors and SnRK2s as indicated were
incubated in osmotic stress medium (WI with 660 mM Mannitol) for 4.5 hours.
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Fig. 3-2 Osmotic insensitive phenotypes of pyl5 and pyl10-RNAi lines
Reduced expressions of PYL5 and PYL10 result in osmotic tolerance. WT, pyl5 and
pyl10-RNAi seeds were vertically germinated on MS medium and MS supplemented
with -0.7MPa PEG as osmotic stress. Seedlings were photographed after 10 days growing.
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Fig. 3-3 Retransformation of candidate plasmids into yeast
Prey plasmids were extracted from the yeast colonies that survived on the selection
medium, and were retransformed into yeast to confirm the protein interactions with PYL5
and PYL10. Transformants as indicated in each panel were selected on SD-Leu/Trp/His
medium. Combinations of ABI1 and PYL5/10 were used as positive interaction controls.
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Fig. 3-4 DUF1296 specifically interacts with PYL5 in the Y2H assay
Yeast harboring AD-DUF1296 and BD-PYLs on SD-Leu/Trp/His/Ade medium displayed
the specific interaction between DUF1296 and PYL5. The interaction of ABI1 and PYL5
was used as a positive control. Yeast colonies were photographed 3 days after spotted.
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Fig. 3-5 Seedling growth on osmotic stress medium
Seedlings of the wild-type, une5, pcna2, at2g16365 and at3g56580 mutants on fullstrength MS medium with 3% sucrose and with or without (control) -0.7MPa PEG. The
seedlings were photographed 10 days after stratified.
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Fig. 3-6 Seedling growth of ati-2 in response to ABA and osmotic stress
Seedlings of the wild-type and ati-2 on full-strength MS medium with 3% sucrose
supplemented with or without (control) -0.7 MPa PEG or 5 µM ABA. The seedlings were
photographed 10 days after stratified.
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Table 3.2 Putative PYL5-interacting proteins in the osmotic Y2H screening
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Table 3.3 Putative PYL10-interacting proteins in the Y2H screening
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